tions), and among stroke survivors, larger memory decrements (-0.64 vs. -0.26 points, p < 0.001) at stroke and faster memory decline (-0.15 vs. -0.07 points/year, p = 0.003) after stroke onset, compared to younger adults. Female stroke survivors experienced a faster prestroke memory decline than male stroke survivors (-0.14 vs. -0.10 points/year, p < 0.001). However, no sex differences were seen for other contrasts. Although whites had higher post-stroke memory scores than nonwhites, race was not associated with rate of memory decline during any period of time; i.e. race did not significantly modify the rate of decline before or after stroke or the immediate effect of stroke on memory. Conclusions: Older age predicted worse memory change before, at and after stroke onset. Sex and race differences in post-stroke memory outcomes might be attributable to prestroke disparities, which may be unrelated to cerebrovascular disease.
many studies have shown that memory impairments or dementia are more common among older [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 23] , female [10, 12, 21, 22] and black stroke survivors [10, [20] [21] [22] [23] [24] . Therefore, we hypothesize adults who are older, female or black have a faster memory decline after stroke compared to those who are younger, male or white. The differential outcomes might be attributable to unequal quality of care for acute stroke or differences in stroke severity by age, sex or race. However, because most studies on cognitive functions and stroke begin at the time of stroke hospitalization, it is unclear if post-stroke differences in outcomes reflect differences in the effects of stroke per se or differences in functioning that were apparent prior to stroke. Our previous research suggests that long before stroke onset, individuals who subsequently have stroke are already experiencing cognitive impairment and significantly accelerated rates of memory decline, compared to age-matched individuals who remained stroke free [25, 26] . Comparisons of memory outcomes after stroke may therefore conflate prestroke differences with the consequences of stroke. Any risk factor correlated with prestroke memory functioning will also correlate with post-stroke memory functioning, even if that factor does not modify effects of stroke per se. Longitudinal analyses can establish whether post-stroke memory differences are due to differential effects of stroke or memory differences that existed before stroke.
Building on our prior research [25] , we used a US nationally representative prospective cohort to test whether age, sex and race modify rates of memory change before stroke, at the time of stroke, or in the years following stroke, and to compare these changes to annual memory declines among otherwise similar stroke-free participants.
Methods

Study Population
The Health and Retirement Study (HRS) was initiated in 1992 with additional enrollments in 1993 and 1998. Information on participants was collected in biennial follow-up interviews. Our analyses used the 1998 survey as baseline and included follow-up data through 2008.
From the 20,567 HRS participants aged ≥ 50 years in 1998, we restricted to 17,544 (85.3%) non-Hispanics who were stroke free at baseline; we additionally excluded respondents with no memory scores at any wave (n = 100) or missing risk factor information at baseline (n = 103), for a final analytic sample of 17,341 (91.3% of HRS participants aged ≥ 50 in 1998). Hispanics were excluded because the composite memory score we developed could not be calculated for this group. We found evidence that the component score weights differed for Hispanics and nonHispanics [27] , but there were not enough Hispanic participants to calculate reliable weights in the HRS. Compared with subjects included in the analysis, those who were eligible but excluded due to missing memory scores or risk factors were younger and more likely to be nonwhites, having lower socioeconomic status (online suppl. appendix 1; for all online suppl. material, see www.karger.com/doi/10.1159/000357557).
Dependent Variable
Memory was assessed by immediate and (approximately 5-min) delayed recall tests of a 10-word list of common nouns. Additionally, for individuals too impaired to directly participate in memory assessments, proxy informants, typically spouses, were asked to assess the participants' memory on a 5-item Likert scale and complete a 16-item version of the Informant Questionnaire for Cognitive Decline [28] [29] [30] . We previously developed a composite memory score combining proxy and direct memory assessments for longitudinal analyses [27] . The composite memory score was standardized so that every unit change in composite memory score corresponds to 1 standard deviation at the baseline of 1998. The composite memory score ranged from -5.5 to 5.9, and each decade of age was associated with approximately 1 point decrease at baseline.
Independent Variables
We examined interactions of stroke timing and demographic indicators as predictors of memory. Incidence of stroke was defined as self-reported doctor's diagnosis of stroke based on the question: 'Has a doctor ever told you that you had a stroke?' When patients were deceased or unavailable for direct interview, the HRS asked proxy informants (usually patients' spouses) to report on stroke status. Participants or proxies reporting stroke also reported the month and year of event (n = 1,574). A small number of participants did not report the month (n = 131, 8.3%) or year (n = 166, 10.5%) of event between biennial interview waves, and we used the midpoint of the last known stroke-free date and the date when the stroke was first reported to retain these people. Because our study focused on the effect of first stroke onset, only the first stroke during follow-up was identified; many stroke survivors may have had subsequent strokes but we consider all memory reports after the first stroke as 'post-stroke'.
We categorized participants into 3 groups: (1) stroke survivors, who reported a first stroke during the follow-up period and survived to provide at least 1 subsequent memory assessment score (n = 1,169); (2) stroke decedents, who experienced (per proxy report) a first stroke during the follow-up period and died prior to their next interview (n = 405); (3) stroke-free participants (n = 15,767), for whom no stroke was reported during the follow-up. For all respondents, follow-up continued until 2008, the respondent's death or the respondent's attrition from the sample. We included individuals in the category of 'stroke decedents' regardless of whether the primary cause of death was stroke or not.
The primary exposure was the timing of memory assessment with respect to stroke. We defined the year of stroke onset as time zero and, for each memory assessment, calculated the years until stroke (to describe the prestroke memory trajectory) or the years since stroke (to describe the post-stroke memory trajectory). We tested for effect modification by baseline age, sex and race. Age was dichotomized as ≤ 70 (66.4%) versus >70 years old (32.6%); sex was defined as female (57.4%) versus male (42.6%); race was defined as white (83.3%) versus nonwhite (16.7%). We combined all nonwhite races (assessed as either 'black' or 'other') due to the limited number of subjects who are of other races (2%).
Other Covariates
Baseline covariates included demographics, including: race (white vs. other), sex, marital status (married/partnered, separated/divorced/widowed, never married), birth place (born in the Northeast, Midwest, South, West or outside the USA), and socioeconomic status indicators, including height (short stature is an indicator of childhood deprivation) [31] , years of education (0-17), mother's years of education (<8 years, ≥ 8 years or unknown mother's education) and natural log of household wealth (household wealth less than 1 was set to be 1). Continuous variables were mean centered, and reference categories for categorical variables were chosen as the most common category (married/partnered white women with mother's education ≥ 8 years and born in the Midwest).
In main effect models, age was defined in two ways. First, timeupdated age at interview was included for individuals who remained stroke free (set to 0 for participants who experienced stroke), and second, time-fixed age at stroke was included for those who had a stroke (set to 0 for participants who remained stroke free). Both age terms were centered at 70 in analyses testing for effect modification by sex and race; for the test of effect modification by age, the younger stratum was centered at 65 and the older stratum was centered at 75 years old.
Statistical Analysis
We used segmented linear regression models to describe longitudinal trajectories of memory score. In addition to regression coefficients, we illustrate predicted trajectories graphically for reference categories (described above). Because all models are linear, the choice of reference category is arbitrary and does not influence graphical patterns.
The main model contained all stroke survivors, stroke decedents and stroke-free participants. To describe memory function change, we specified variables corresponding to time with respect to date of stroke onset for each stroke status group. For example, for stroke survivors, we specified a slope for annual rate of memory change prior to nonfatal stroke, a discontinuity term for change in memory function at the time of stroke, and a slope for rate of memory change in the years following nonfatal stroke; for stroke decedents, we specified a rate of annual memory change prior to fatal stroke, and for stroke-free participants, we specified a slope of memory change with each additional year of age (described previously as updated age). Additionally, we adjusted the model for all baseline covariates and age at stroke onset.
To separately estimate and compare the trajectory of memory change before and after stroke in different subgroups of age, sex and race, we stratified the cohort into participants who were ≤ 70 versus >70 years old at baseline, male versus female and white versus nonwhite, and estimated the main model within each stratum. Next, to test for effect modification by age, sex or race, we included interaction terms for each time period (years prior to stroke, stroke onset and years after stroke) by age/sex/race indicators. An example of full model parameterization for participants in the younger stratum is shown in online suppl. appendix 2.
For all models, we used generalized linear regression with robust variance estimates to account for repeated measures on the same individual. Models were estimated in SUDAAN to account for the complex sample design used to draw the HRS sample [32] . All analyses were weighted according to the 1998 sample weights to be representative of the 1998 community-dwelling US population born 1947 or earlier.
Role of Funding Source
The HRS is sponsored by the National Institute on Aging (U01AG009740) and conducted by the University of Michigan, whose institutional review board approved the original study procedures. The funders had no role in the design or conduct of the study, collection, management, analysis or interpretation of the data, or preparation, review or approval of the manuscript.
Results
Of 17,341 eligible participants (139,663 person-years), 6,508 (37%) were dropped before death or the end of follow-up. Attrition was associated with being older, unmarried, with lower socioeconomic status or last composite memory score (online suppl. appendix 3). The crude incidence rate of stroke was 11.3 cases/1,000 person-years ( table 1 ) , and the unadjusted stroke incidence rates were higher for older individuals, males and nonwhites. Among participants who experienced stroke, mortality was higher among older (p < 0.001) and female (p = 0.03) participants. We have previously shown that stroke decedents experienced significantly faster memory declines than stroke survivors prior to stroke onset [25] . This association was also true across all subgroups of age, sex and race in this study (p < 0.04 for all comparisons).
For stroke survivors, the annual rate of memory decline before stroke was -0.19 points/year in the older age stratum and -0.10 points/year in the younger age stratum (p < 0.001 for test of interaction; table 2 ; fig. 1 a) . In addition, stroke survivors in the older stratum experienced a larger decrement of memory function at stroke onset (-0.64 vs. -0.26 points, p < 0.001) and a faster annual decline after stroke (-0.15 vs. -0.07 points/year, p = 0.003) compared to those in the younger age stratum. For stroke decedents, the prestroke memory decline rate was faster (p = 0.006) in the older stratum (-0.24 points/year) than that in the younger stratum (-0.13 points/year). Among stroke-free participants, the annual rate of memory decline was also faster among people in the older versus younger stratum (-0.16 vs. -0.06 points/year, p < 0.001).
Women who survived stroke experienced faster memory declines before stroke compared to men who survived stroke (-0.14 vs. -0.10 points/year, p < 0.001; table 2 ; fig. 1 b) . However, memory decrements at the time of stroke and post-stroke memory declines were not signifi-cantly different between male and female stroke survivors. For stroke decedents, females also experienced a slightly faster prestroke memory decline (-0.21 points/ year) compared to male stroke decedents (-0.17 points/ year) though the difference was not statistically significant (p = 0.18). The annual rate of memory decline with aging was similar among female and male (-0.09 vs. -0.08 points/year) stroke-free participants.
There was no evidence for significant effect modification by race among participants who experienced first stroke incidence during follow-up ( fig. 1 c) : no significant differences between white and nonwhite stroke survivors could be found with respect to the annual rate of memory decline prior to stroke (-0.14 vs. -0.12 points/year), the change in functioning at stroke onset (-0.49 vs. -0.33 points), or the annual rate of memory decline after stroke (-0.09 vs. -0.12 points/year; table 2 ). For stroke decedents, the annual decline rate was also similar (-0.20 points/year for each) among whites and nonwhites. The annual rate of memory decline among stroke-free participants was slightly faster among nonwhite (-0.10 points/year) compared to white (-0.08 points/year) participants (p < 0.001).
Discussion
In this large, nationally representative cohort, older adults experienced accelerated memory declines before stroke onset and, for those who survived stroke, a larger decrement in functioning at the time of stroke as well as a faster memory decline after stroke onset. Additionally, women experienced significant faster prestroke memory declines than men, but there was no significant sex difference in post-stroke changes. We found no evidence that rate of memory changes prior to stroke, at the time of stroke or after stroke differed by race.
Comparison to Prior Literature
Building on previous evidence that individuals who died shortly after stroke were experiencing more rapid memory declines prior to stroke than comparable individuals who later had a stroke but survived [25] , we found in this study that such a pattern was consistent across all subgroups stratified by age, sex and race.
With respect to our findings in analyses stratified by age, sex and race, several previous studies have reported mixed patterns of association between demographic fac- [8, 39] . Building on our previous study [25] , our analysis showed that participants in the older stratum at baseline experienced an accelerated memory decline throughout the period before, at and after stroke onset, compared to those in the younger stratum. Both prestroke memory differences and the differential effects of acute stroke contribute to poststroke cognitive differences associated with age. Being female was identified as an effect modifier for prestroke memory decline among stroke survivors in our analysis. Given the close link between memory loss and dementia, this is consistent with findings of several studies that female sex is an important predictor for prestroke dementia [21, 22, 40, 41] . The faster prestroke memory declines in females could be attributable to differences in stroke risk factors that also affect cognitive function. For example, after menopause, females may have a higher prevalence of hypertension than males of a similar ethnic background [42, 43] . Therefore, the inadequate management of hypertension in older females may partially account for prestroke memory differences compared to older males. Findings on the effect of sex on post-stroke dementia have not been consistent [8, 18, 39] , and an indication was made that female sex was a much stronger predictor of pre-than poststroke dementia [21, 22] . Our study suggests that the worse post-stroke cognitive function among women reported in many previous studies may largely reflect a faster prestroke cognitive decline. We do not know whether prestroke memory scores between men and women are due to biological differences in the aging process or social patterns in neuropsychological test familiarity. In our data, rate of change after stroke differed little by gender; it is not possible from our data to explain this apparent equalization. One possibility is that there are gender disparities in major risk factors such as hypertension or depression, which may 241 attenuate in the wake of an acute event such as stroke. Another possibility is that women experience silent strokes more frequently or identification of cerebrovascular disease is delayed in women, who may more frequently present with 'nontraditional' symptoms [44] . The small sex differences among stroke-free participants may have little clinical relevance, despite statistical significance. Dementia (without regard to stroke status) is more common among African Americans [45] [46] [47] [48] , and evidence suggests blacks experience higher post-stroke dementia than whites [10, [20] [21] [22] [23] [24] , but it has been difficult to rule out differences in educational background as the explanation for racial disparities in dementia [49, 50] . We found no evidence of effect modification by race in any time period with respect to stroke. However, nonwhites, predominantly African American in this sample, consistently averaged lower neuropsychological test scores than whites. Race differences in neuropsychology test scores are very likely attributable to differences in school quality [49] or test-taking patterns [51] , rather than differences in underlying function or neurological pathology. Therefore, the elevated prevalence of post-stroke dementia among blacks reported in previous studies may be attributable to disparities in other domains or neuropsychological test performance that emerged long before stroke onset, rather than to the differential effects of cerebrovascular disease or acute stroke on memory.
Limitations and Strengths
Some limitations to this study should be noted. Self-or proxy-reported strokes were not verified using medical records so recall bias could occur, especially in older and cognitively impaired subjects. However, previous studies have shown that the incidence of self-reported stroke was similar to other cohorts with medical-record verification of stroke outcomes [52] . Missing data and imprecision in the reported date of stroke could lead to information bias if the accuracy of recall differed by age, sex or race. The composite memory score was developed based on all Informant Questionnaire for Cognitive Decline items, which included assessments of cognitive domains other than memory. This score may therefore be influenced by other cognitive domains, such as executive function or reasoning skills. Although we used the composite memory score to retain impaired respondents to reduce attrition, some individuals had neither direct nor proxy memory assessments. Additionally, attrition before the final follow-up was associated with being older, low socioeconomic status and having low last memory scores, compared to those who remained in the study. Prior research suggests that study dropout is related to underlying cognitive decline [53, 54] , therefore potential bias due to selective attrition remains. We restricted the study population to HRS participants with at least 1 memory score and no missing risk factors. Because individuals with no memory score at any wave or missing risk factors were more likely to be blacks or have lower socioeconomic status compared to those included in our study sample, this may introduce bias, potentially attenuating the association between race and memory. However, due to the very small percent missing, any bias would likely be small. Most importantly, because many of these demographic factors are related both to the risk of stroke and the memory function, analyses such as ours which stratify on stroke status can induce a special type of selection bias if there are other, unmeasured, common causes of stroke and memory [55] . Sensitivity analyses suggest that within plausible ranges of unmeasured confounding, this type of bias is unlikely to qualitatively affect our findings (online suppl. appendix 4).
Despite these limitations, this study has a number of important strengths that advance the empirical understanding of how changes in memory associated with stroke differ by age, sex and race. Most notably, the HRS is a large, nationally representative sample, with a long follow-up, comprehensive sociodemographic assessments, prospectively assessed repeated prestroke measurements of memory and high follow-up rates, even for memory-impaired individuals. In addition, by using a segmented linear regression model, our analysis simultaneously tested the effects of demographic factors on the rate of change in the years preceding stroke, at the time of stroke and in the years following stroke. To our knowledge, no prior study has simultaneously assessed these patterns in order to comprehensively describe the change in memory function associated with cerebrovascular disease.
Conclusion
Our study found that older age predicted faster memory declines before and after stroke as well as worse memory decrements at the time of stroke. Female sex was associated with faster prestroke memory declines, but poststroke memory declines did not differ by sex. Race was not associated with rate of memory decline among participants with first stroke. Although cognitive outcomes after stroke may be worse among nonwhites than whites, this is likely attributable to pre-existing disparities rather than differential effects of cerebrovascular disease or acute stroke on memory among nonwhites.
